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ZnAl-layered double hydroxide (ZnAl-LDH) is an emerging robust material that has attracted great attention

in the field of photocatalysis and piezo polarization-induced photocatalysis owing to its unique

physicochemical properties, including a high specific surface area, tunability in metal cation dispersion,

specific catalytic site placement, rapid response to mechanical stress, stability, and environmental-

friendliness. However, pristine ZnAl-LDH showed low exciton pair separation efficiency, and low

conductivity due to a wide band structure that limits their catalytic efficiency. Modifying the ZnAl-LDH-

based materials by adopting various design strategies to form a composite or heterostructure ensures

improved surface properties for better catalytic performance, stability, and efficiency. This review

emphasizes the recent advancement towards designing ZnAl-LDH-based high-performance catalysts

using adopted modification strategies such as doping or defect engineering, interlayer anion

modification, structural modulation, heterostructure or composite formation, etc., for improved activity.

ZnAl-LDH-based high-performance catalysts boost structural adjustability, stability, and improved

conductivity, exposing more active sites, thereby enhancing the catalytic performance. Hence, this

review delivers a deep dive into the prospects of ZnAl-LDH-based high-performance materials for

photocatalytic water splitting, pollutant degradation, CO2 reduction, and piezo-polarized induced

photocatalytic pollutant degradation. Furthermore, the progression of ZnAl-LDH-based high-

performance catalysts with a detailed analysis of best-suited characterization techniques has been

systematically reviewed to validate the structural characteristics of high-performance catalysts. The

mechanisms described in the photocatalytic processes are also thoroughly reviewed. Lastly, the review

highlights the advantages, challenges, and compliance perspective in designing ZnAl-LDH-based high-

performance photocatalysts for energy production and environmental applications. This review serves as

a gateway for exploiting ZnAl-LDH as components to design advanced catalytic materials for future

energy safety and ecological deliverance.
1. Introduction

The rising demand for high-value chemicals and energy to
sustain modern society has inevitably increased the use of
limited non-renewable fossil fuels. The excessive carbon emis-
sions from burning fossil fuels have led to energy shortages and
serious climate impacts, especially global warming and green-
house gases.1 Industrialization is the main source of water and
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environmental pollution, releasing pollutants such as dyes,
organic chemicals, antibiotics, and pesticides. These harmful
substances negatively affect human health and the environ-
ment.2 Therefore, there is an urgent need for water treatment,
air purication, and renewable energy solutions for sustainable
global development. In this context, advanced oxidation
processes (AOPs) have emerged as a highly environmentally
promising and cost-effective technique for addressing persis-
tent environmental remediation and clean energy generation
issues.3,4 These processes rely on the in situ generation of
reactive oxygen species (ROSs), particularly cOH and O2c

−, that
can selectively degrade a wide spectrum of organic and inor-
ganic contaminants as well as lead chemical reactions towards
energy generation solutions. These processes offer efficient and
© 2026 The Author(s). Published by the Royal Society of Chemistry
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robust, non-selective oxidation pathways for the mineralization
of complex and recalcitrant contaminants in wastewater and
industrial effluents into harmless end products like water and
carbon dioxide, outperforming conventional treatment
methods.5 Simultaneously, their application in energy-related
systems – such as photocatalytic water splitting and solar-
driven hydrogen peroxide production – highlights their dual
role in promoting sustainable water treatment and renewable
energy development.

AOPs are central to advancing both environmental and
energy technologies in alignment with green chemistry princi-
ples. Among various emerging AOP technologies,
semiconductor-based photocatalysis showcases a promising
environment-friendly approach to address energy and environ-
mental challenges by utilizing abundant solar energy.6 The
photocatalytic process involves three key steps: light absorption
to generate e−/h+ pairs, separation and movement of charges
from the core to the surface, and activation of redox reactions
and interfacial oxidation at the surface. Developing stable and
efficient photocatalysts with suitable structures is crucial for
practical applications. Several 2D semiconductor materials,
such as MXene,7 LaFeO3,8,9 graphitic carbon nitride (g-C3N4),10,11

titanium dioxide (TiO2), transition metal dichalcogenides
(TMDs),12,13 cadmium disulde (CdS),14 and metal–organic
frameworks (MOFs),15,16 are being explored. However, many of
these have limited stability and photocatalytic activity for
industrial use. Recently, Layered Double Hydroxides (LDHs)
have gained increasing attention in the photocatalysis arena
owing to their customizable composition and distinctive two-
dimensional (2D) structures.17 These materials are promising
owing to their high specic surface area (SSA), unique layered
architecture, ability to absorb light across various composi-
tions, large interlayer spaces for creating composites with
different functional species, extensive surface-active regions,
ion-exchange capabilities, adjustable bandgaps, low cost, ease
of scaling up, and reusability.18,19 Besides, the photocatalytic
performance of LDHs can also be improved by enhancing
matrix exibility, modifying cationic species, intercalating
anionic structures, and forming heterojunctions with other
semiconductors.20 However, incorporating transition metal
cations with different valence states alters the chemical envi-
ronment and electronic structure within the LDH layers, which
can inuence the photocatalytic performance.21

Among all other LDHs, Zn-based LDH materials, especially
ZnAl-LDH, merely debuted as a promising candidate for pho-
tocatalytic applications due to their several distinct advantages,
including surface stability, superior dispersion of metal
elements, atomic diffusion, and crystal lattice expansion.
Additionally, ZnAl-LDH acts as a piezoelectric catalyst with
considerable potential for environmental remediation due to its
rapid response to mechanical stress and its affordable and eco-
friendly nature. The density functional theory (DFT) studies of
ultrathin ZnAl-LDH also reveal that defect structures composed
of unsaturated zinc coordination and oxygen vacancies (OVs)
can enhance the photocatalytic efficiency of these materials. In
ZnAl-LDH, ZnO6 octahedral units are dispersed on their surface,
creating structural defects that trap electrons during
© 2026 The Author(s). Published by the Royal Society of Chemistry
photoactive reactions. Despite these advantages, ZnAl-LDH
suffers critical challenges, including poor visible-light absorp-
tion, poor efficacy for charge segregation, and rapid exciton
recombination, which limit their catalytic performance. To
address these challenges, current studies are centered on
research focused on the development of ZnAl-LDH-based
hybrid materials by coupling them with other functional
materials, carbonaceous materials, or plasmonic materials, via
doping, defect engineering, heterostructure formation, derived
products, and interlayer modication for modulating interfacial
charge transfer, and bandgap tuning through mechanisms like
type-II, Z-scheme, and S-scheme junctions.22,23 This review
systematically addresses the recent progression in ZnAl-LDH-
based hybrid materials, highlighting the structure–property
relationships and mechanistic aspects for improved photo-
catalytic efficiency. Besides, we have also tried to emphasize and
highlight the emerging piezo-potential-enhanced photo-
catalytic eld based on ZnAl-LDH systems.

Several review articles have thoroughly discussed LDH
synthesis, properties, modications, and applications across
various technological elds. Notable progress has been made in
engineering LDH-based photocatalytic systems to boost their
performance. For instance, Bobde and his team developed LDH-
based photocatalysts for dye degradation, focusing on system
stability.24 Song et al. demonstrated that the thoughtful design
of 2D/2D LDH/g-C3N4 hybrid structures improves charge sepa-
ration and light absorption, thereby increasing photocatalytic
activity.25 Tailored modication strategies have further
advanced CO2 adsorption and photoreduction, emphasizing the
tunable surface chemistry of LDH nanostructures.3 The photo-
catalytic behaviour of these materials is heavily inuenced by
vacancy sites, interfacial adsorption dynamics, and catalytic
activity at metal/LDH heterojunctions.26 Interfacial engineering
has become a key approach for building efficient hetero-
structures with improved charge transfer pathways.27 Addi-
tionally, advanced modication methods—such as surface
plasmon resonance enhancement, co-catalyst addition, and
composite development—have led to signicant improvements
in hydrogen production performance.28 LDH-based semi-
conductors continue to show great potential in photocatalytic,
electrocatalytic, and photoelectrocatalytic applications.29

Furthermore, our group has contributed reviews in this area.
For example, S. Nayak et al. summarized how structural tuning
of LDH/GO hybrids has enabled the creation of hierarchical
porous networks that facilitate efficient water-splitting reac-
tions.30 In addition, optimizing structural and electrical prop-
erties has further enhanced the photoactivity of LDH
compounds,31 and the use of rst-row transition-metal LDHs as
electrocatalysts has opened new pathways for overcoming
operational challenges and increasing overall catalytic
efficiency.32

While several reviews have broadly addressed design and
modication strategies of LDH-based semiconductors,
a focused analysis on ZnAl-LDH hybrids for photocatalytic
applications remains limited. This review aims to bridge that
gap by summarizing recent advances in doped, intercalated,
and heterostructured ZnAl-LDH systems for pollutant
RSC Adv., 2026, 16, 4898–4935 | 4899
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degradation, hydrogen evolution, CO2 reduction, and piezo-
potential-enhanced photocatalysis. Unlike existing overviews,
it provides a detailed discussion on charge transfer mecha-
nisms—including type-II, Z-scheme, and S-scheme pathways—
as well as the roles of interlayer anions and OVs in enhancing
activity. Emphasis is also placed on structure–property rela-
tionships and mechanistic insights, with particular attention to
the emerging eld of piezo-assisted photocatalysis based on
ZnAl-LDH, which remains underexplored in prior literature.

Hence, in this review, rstly, we discuss the structure and
properties of LDHs, focusing specic attention on ZnAl-LDH-
based semiconductors. Several synthetic strategies have been
highlighted to createmodied ZnAl-LDHwith substantial physico-
chemical attributes and mechanisms, to precisely engineer their
broad band gap for efficient visible light harvesting. Following
this, an attempt is made to encapsulate the overview of funda-
mental design concepts of ZnAl-LDH-based high-performance
catalysts and their application towards photocatalytic pollutant
decomposition, CO2 reduction, and hydrogen production by H2O
splitting reaction. Specic attention has been given to effective
modication and engineering aspects, such as defect formation,
interlayer tuning, doping for band gap engineering, and hetero-
structure formation. Also, we have included how piezo-
polarization causes a shi in surface charge energy and segrega-
tion of charge carriers at the bulk and interfacial area, which
results in efficient exciton transfer, augmenting the photocatalytic
pollutant degradation application. Lastly, the shortcomings and
future perspectives are addressed to provide insights into shed-
ding light on the design and tuning of the wide band gap of
modied ZnAl-LDH-based nano-photocatalysts towards solar
energy applications. Therefore, we anticipate that this review can
serve as a roadmap for researchers to innovate a prospective
towards modied ZnAl-LDH-based functional nanomaterials that
integrate photocatalytic and piezo-catalytic characteristics to boost
solar energy applications. Different research work integrating the
growth trend of modied ZnAl-LDH for photocatalytic and piezo-
polarized photocatalytic applications has been portrayed in
Scheme 1.33–41

2. Fundamentals of LDH

Layered double hydroxides (LDHs), also referred to as hydro-
talcite, are 2D lamellar ionic clay complexes having the basic
formula [M2+

1−xM
3+

x(OH)2][A
x/n]n−$mH2O. These composed of

positively charged, brucite-like layers (brucite: Mg(OH)2-type
structure) that contain divalent cations (M2+ = Zn2+, Fe2+, Cu2+,
Co2+, Ni2+, etc.), trivalent cations (M3+ = Al3+, Mn3+, Cr3+, Ga3+,
etc.) including interlayer charge balancing organic/inorganic
anions (An− = CO3

2−, SO4
2−, Cl−, porphyrins, etc.) along with

H2Omolecules for structural stabilization. The cation ratio ‘x’=
M3+/(M2+ + M3+) ranges between 0.2 and 0.4, altering the layer
charge density of the LDHs layers.17,42,43 The positively charged
brucite-like layers are made up of edge-sharing octahedral units
[(M2+/M3+)$(OH)6] with metal cations arranged in the centres
and six-fold coordinated OH− ions surrounding each cation
oriented toward the corners, forming innite layers. The M2+

and M3+ ions alternately reside in the octahedral sites in LDHs,
4900 | RSC Adv., 2026, 16, 4898–4935
generating hydroxide layers that are stacked via van der Waals
interactions.28 Surface –OH groups in LDHs contribute to the
formation of highly energetic radicals and metal-to-metal
charge transfer (MMCT): denoting the electronic transition
that arises from one metal to the other, and ligand-to-metal
charge transfer (LMCT): associated with the electronic transi-
tion (from the oxygen 2p orbital to the 3d orbitals of metal
centre) via oxo-bridged (M–O–M) bimetallic linkage, enabling
electron migration that is crucial for photocatalytic
applications.18,20,28
2.1. Structure and properties of ZnAl-LDH

In this regard, the tunability of M2+/M3+ by altering the molar
ratio in the layers that resemble brucite and the intercalated
anions' exchangeability controls the physico-chemical and
electronic properties of the LDHs materials.21 The morpholog-
ical and structural transformations of the LDHs material, such
as exfoliation and reconstruction via “memory effect,” expand
surface area, size for enhanced photocatalytic activity.17 The
“structural memory effect” is a unique property of LDHs where
the original LDHs structure is reconstructed by the hydration of
calcined LDHs, which is used to synthesize LDHs-based
composite photocatalysts. In ZnAl-LDH, zinc (Zn) is a prom-
inent photosensitive metal included as Zn2+ into the brucite-like
layer due to its ability to enhance solar absorption and promote
charge separation. However, Foschini et al., revealed that
a greater Zn2+ ionic radius (74 Å) facilitates crystal lattice
expansion, fostering atomic diffusion and pore volume. Though
the optimal Zn2+ content in ZnAl-LDH rises pore volume up to
1.05 cm3 g−1, signicantly improving photocatalytic activity by
offering numerous catalytically active sites. ZnAl-LDH produces
mixed metal oxides (MMOs) as ZnO/ZnAl2O4 when calcined,
facilitated by the tunability of interlayer species and metal
composition that enhances photocarrier dynamics.

This transformation enhances catalytic activity by improving
crystallinity, electron mobility, and solar absorption while
reducing charge carrier recombination and layer aggregation
that conrmed by photoluminescence (PL) analysis, thereby
making the material an excellent and adaptable photocatalyst.
Moreover, ZnAl-LDH-based MMOs can regain their original
structure through rehydration known as “memory effect” which
improves energy conversion by promoting charge separation
due to better dispersion of the active phase from calcination.
The PL analysis also conrms that their structural reconstruc-
tion reduces electron–hole recombination, augmenting photo-
catalytic performances. Veisi et al. demonstrated that on
calcinated ZnAl-LDH at 450 °C transforms it into a ZnO/ZnAl2O4

composite facilitates better photocarrier transfer, reduces
charge transfer resistance, and improves charge separation, and
enables superior photocatalytic efficacy that outperforms its
parent compounds.44 In addition, these ZnAl-LDH derived ZnO
phase may serve as effective photocatalysts for removal of
a diverse array of organic waste due to their appropriate band
gaps, and valence band edges (VB: +3.62 V vs. NHE at pH 0),
which assist in the production of reactive species (cOH, O2c

−) for
advanced oxidation. The derived ZnO phase get activated when
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 A pictorial representation of growth trend for ZnAl-LDH and modified ZnAl-LDH towards photocatalytic and piezo-photocatalytic
applications.
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subjected to UV radiation due to its wider bandgap and the
proportion of it in the material determines the photocatalytic
capacity of ZnAl-LDH.45,46
2.2. Importance of Zn2+ in ZnAl-LDH

The presence of Zn2+ is also essential for achieving a superior
phase in the layered structure of ZnAl-LDH. Further, the coor-
dinatively unsaturated sub valent Zn2+ cations are produced by
dispersing ZnO6 octahedra in the LDHs lattice, which generates
surface defects like OVs that act as electron trapping sites to
capture photoelectrons, enhancing their outstanding perfor-
mance in photocatalytic pollutant decomposition, oxygen
evolution, and CO reduction. The inclusion of Zn2+ decreases
interlayer distances in LDHs due to the larger electronegativity,
and small crystallite size effectively inhibits photogenerated
electron and hole recombination. The quantity of Zn directly
correlates with the size of the crystal, resulting in a reduction in
surface area. Consequently, the LDHs with a low Zn concen-
tration will have a large surface area and low crystallinity,
favouring excellent adsorption capacity toward reactant mole-
cules facilitated by the broad distribution of macropores.
Moreover, minimal thermal regeneration method and high
anion retention capacity of ZnAl-LDH materials boost their
photocatalytic performance.47 Furthermore, DFT studies
revealed the optimal lattice parameters and structure of ZnAl-
LDH model based on prior publications as shown in Fig. 1a.
The bare ZnAl-LDH has a 3 × 3 × 1 supercell, (110) and (003)
diffraction peaks with unit lattice variables of (a = b = 3.08 Å, c
= 7.75 Å). The supercell has a 2 : 1 Zn : Al ratio, with one Al atom
surrounded by six Zn atoms forming an octahedral structure
Fig. 1 (a) Structural model of ZnAl-LDH, (b) key geometrical parameters
blue, reproduced with permission from MDPI. Copyright © 2023.48

4902 | RSC Adv., 2026, 16, 4898–4935
and the Zn–O bond length of pristine ZnAl-LDH is 2.08 Å
(Fig. 1b).48
3. Synthesis route and
physicochemical characterization of
ZnAl-LDH-based heterostructures

This section reviews several synthesis methods, including co-
precipitation, hydrothermal, mechanochemical, electrostatic
self-assembly, and others, used to create ZnAl-LDH-based
composites. These techniques enable the development of
modied ZnAl-LDH materials with specic physical and
chemical features for various photocatalytic applications such
as water splitting, pollutant degradation, and CO2 reduction.
Multiple characterization techniques like X-ray diffraction
(XRD), high-resolution transmission electron microscopy
(HRTEM) and eld emission scanning electron microscopy
(FESEM), BET (Brunauer–Emmett–Teller), FT-IR (Fourier-
transform infrared) spectroscopy, thermogravimetric analysis
(TGA), valence band X-ray photoelectron spectroscopy (VB-XPS),
energy-dispersive X-ray spectroscopy (EDS) and atomic force
microscopy (AFM) reveal the tailored chemical compositions,
structures, optical, electronic, and chemical properties, as well
as the morphologies of the photocatalysts that signicantly
inuence their photocatalytic performance.43,49 A schematic of
the synthesis process and physico-chemical characterization
techniques is presented in Scheme 2 alongwith the advantages
and disadvantages overview of various synthesis techniques in
Table 1.
of three ZnAl-LDHs with DFT values in black and experimental values in

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Illustration of different synthesis procedures and various characterisation techniques involved in the preparation of ZnAl-LDH
mediated systems.
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3.1. Co-precipitation method

Co-precipitation is the most oen used technique for making
LDHs, which includes mixing solutions of trivalent and divalent
metal salts in a specic ratio. The pH is increased by adding an
alkaline solution and stirring vigorously; this causes LDHs made
of two metal salts to co-precipitate. Aging the reaction mixture
helps develop a consistent and well-crystallized LDHs structure.
Both metal salts precipitate at the same time because the pH is
kept relatively high. Aer ltering, the precipitate is washed with
Table 1 Overview of the advantages and disadvantages of various synth

Synthesis techniques Advantages

Co-precipitation � Easy procedure with regulated rea
conditions
� Excellent for producing uniform a
nanoparticles with high yield and p

� Scalable for industrial production
Hydrothermal � Precise control over temperature,

crystallization timing, and interlaye
composition
� Create LDH phases with larger pa

Mechanochemical � Faster, easier, and cleaner proces
conventional synthesis methods
� Enables access to previously unat
molecular structures

Calcination � Allows controllable and adjustabl
structures
� Enhances thermal stability of nan
through high-temperature processin
� Facilitates the removal of volatile

Electrostatic self-assembly � Can produce a wide range of shap
� Enables diverse functionalities
� Effective across multiple length sc

© 2026 The Author(s). Published by the Royal Society of Chemistry
deionized water and dried in a furnace overnight. Carbonate ions
from dissolved CO2 in the environment might intercalate between
hydroxide layers of LDHs, as carbonate ions are strongly bonded
anions in the LDHs lattice. Therefore, reactions should be carried
out in environments free of CO2 or with N2. This method can be
used to create LDHs-based composites and pure LDHs.2 The
coprecipitation approach offers precise control of nanomaterial
morphology by adjusting parameters like pH, temperature,
concentration, and surfactant use.50 In the pioneering work by
Haiping Li et al. coprecipitation synthesis was used to create
esis techniques

Disadvantages

ction � Strict pH control required

nd ne
urity

� Undesired ions (e.g., hydroxides, carbonates)
may be introduced at high pH or in open-air
environments
� Possible agglomeration of particles

r
� High energy consumption when combined
with other materials

rticle sizes � Requires specialized equipment and high
reaction temperatures

s than � The obtained product oen has an amorphous
(non-crystalline) structure

tainable � Competing reactionsmay produce unintended
compounds

e composite � High cost of the process

omaterials
g

� Susceptibility to contamination due to low-
quality raw materials

substances � Limited functional properties of the resulting
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Fig. 2 (a) Schematic illustration of the synthesis of Bi2MoO6/ZnAl-LDH hybrid, (b) corresponding XRD patterns of neat and nanocomposites, (c)
high-resolution XPS spectra of O 1s, (d) HRTEM image of M2, reproduced with permission from Royal Society of Chemistry. Copyright © 2023.51

(e) SEM images of FCCN/LDH-100 hybrid, reproduced with permission from Elsevier. Copyright © 2023.52 (f) FESEM image of 10% C60-doped
ZnAl-LDH/PVA reproduced with permission from Wiley. Copyright © 2024.53
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Bi2MoO6/ZnAl-LDH composites. The composite was formed by
combining ZnAl-LDH nanosheets with Bi2MoO6 hollow spheres
(Fig. 2a). The successful formation of composite conrmed by
XRD peaks revealed orthorhombic phase of Bi2MoO6 as depicted
in Fig. 2b. XPS spectra (Fig. 2c) reveal increased Bi andMo binding
energies in the composite, indicating strong interfacial contact,
suggesting electron transfer from Bi2MoO6 to ZnAl LDH through
Zn (Al)–O–Bi, which provides additional (Mo) bonds and conrms
the formation of a Bi2MoO6/ZnAl-LDH heterojunction. HRTEM
pictures reveal that LDH nanosheets assembled onto Bi2MoO6

spheres (Fig. 2d) with two different sets of lattice fringes of
0.192 nm spacingmatching to ZnAl-LDH(018) plane and 0.166 nm
spacing corresponding to orthorhombic Bi2MoO6(331) plane.51 In
another study, J. Hu et al. fabricated a binary heterostructure of
halogen F, Cl co-doped g-C3N4 on ZnAl-LDH (FCCN/LDH) via co-
precipitation method. By the coprecipitation process, FCCN
sheets were spread throughout the surface of LDH forming FCCN/
LDH nanocomposite with a high electrostatic coupling of two 2D
nanosheets (Fig. 2e). The hybrid exhibits the largest BET-specic
surface area (70.13 m2 g−1), average pore width (19.57 nm), and
total pore volume (0.192 cm3 g−1).52 In addition, Balayeva and
groups developed C60-doped ZnAl-LDH/PVA composites by using
the urea hydrolysis followed by coprecipitation methods.53 The as
prepared nanocomposite was formed by noncovalently doped and
physically intercalation of C60 into the ZnAl-LDH/PVA composite,
facilitated by the polymer support, which widen the basal spacing
of ZnAl-LDH to 9.217 Å. The material demonstrates a character-
istic ZnO rice-shaped 2D morphology (100 nm to 2 mm broad,
Fig. 3 (a) Schematic illustration of preparation processes of BZA-X, (b) X
Society of Chemistry. Copyright © 2024.54 FESEM image of (c) Zn–Al LD
MoS2/LDH, reproduced with permission from Elsevier. Copyright © 202

© 2026 The Author(s). Published by the Royal Society of Chemistry
500 nm to 10 mm long, Fig. 2f). Several composites and hetero-
junctions combining with ZnAl-LDH have been effectively fabri-
cated using the co-precipitation process, with each presenting
a distinctmorphology that can be compared through there FESEM
images as illustrated in the below FESEM images.

3.2. Hydrothermal method

The hydrothermal or solvothermal methods are a technique
assisted by temperature- and pressure that produces nano-
structured materials. This entails a heterogeneous chemical
reaction by inserting amixture of metal salts and a precipitating
agent into a sealed Teon coated autoclave and then treating it
at high temperatures (100 °C) and pressures (1 bar). The tech-
nique is broadly suited to the synthesis of materials with
a variety of morphologies, including nanosheets, nanoowers,
nanospheres, nanorods, and nanowires, as well as their clusters
with tuneable structural complexity, size, shape, and phase. The
hydrothermal approach is advantageous for synthesizing
minerals, since it can preserve high crystallinity, avoid accu-
mulation, and yield higher-purity samples.2 In this context, Lin
Wang and his research groups designed Bi-doped ZnAl-LDH
(BZA) augmented with OVs by the hydrothermal synthesis
method as shown in Fig. 3a. They investigated various charac-
terisation techniques to illustrate the inuence of Bi3+ doping
into ZnAl-LDH on the energy band structure and formation of
OVs. Since Bi atoms have a bigger radius and a higher ionization
potential than Al atoms, they are more likely to form Bi–O links,
which quickly cause lattice deformation and the production of
PS spectra of O 1s in BZA-0.5, reproduced with permission from Royal
Hs, reproduced with permission from Elsevier. Copyright © 2022.55 (d)
0.56
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OVs. The increasing Bi doping ratio led to a steady decrease in
the distinctive diffraction peaks, and a shi towards higher
angles was observed. This indicates that the addition of Bi3+

effortlessly induces lattice deformation to develop OVs and
a decrease in crystallinity due to the replacement of Al3+ (0.51 Å)
by Bi3+ (1.2 Å) species with a higher atomic radius in ZnAl-LDH.
The HRTEM data validate the ortho-hexagonal structure of the
material with lattice stripes and 0.22 nm stripe spacing corre-
sponding to the (015) surface of ZnAl-LDH. Local disorder and
disruption in the material lattice strips conrmed that the
atomic defects on the surface of the material with deformed
scratches resulted from the creation of an OV. Further, accord-
ing to Electronic Paramagnetic Resonance (EPR) and XPS data,
BZA has the highest concentration of surface OVs and the
strongest signal strength, suggesting that the doping of Bi3+

supports the creation of OVs on the material's surface. Again, Bi
doping enlarged the lattice (Fig. 3b), which leads to dislocation
and local disorder along with the dispersion of oxygen atoms on
the surface, that creates OVs.54

In another attempt, M. Wang and his groups created In2S3/
ZnAl-LDH composites by employing a single-pot hydrothermal
method taking InCl3 and TAA as precursors. In the course of the
one-pot hydrothermal process, the In2S3 nanoparticles nucleate
and grow on LDHs surface detailed in FESEM images (Fig. 3c).
The two components establish a heterojunction interface
because the In2S3 nanoparticles are well-dispersed and
anchored onto ZnAl-LDH nanosheets, and LDHs serve as
a scaffold to stabilize In2S3.55 Similarly, S. Chen et al. prepared
MoS2/ZnAl-LDH heterojunctions using coprecipitation and
hydrothermal methods to modulate band gap engineering.
Using the hydrothermal method, MoS2 appears as tiny globules
ranging from 100 to 150 nm, while ZnAl-LDH forms large,
layered structures measuring between 10 and 20 mm through
coprecipitation. In the MoS2/LDH composite (Fig. 3d), the LDH
layers resemble leaves, whereas MoS2 is evenly distributed as
single layers or points on the hydrotalcite surface.56 Based on
the hydrothermal method, numerous ZnAl-LDH-based nano-
materials with various modications have been successfully
synthesized, each exhibiting a distinct morphology every single
time relevant with the corresponding FESEM images shown in
the below gures cited from different literatures.
3.3. Mechanochemical method

The repetitive welding, deformation, and fracture of the reac-
tant combination is known as mechanochemical processing.
The process of creating materials through mechanochemical
construction involves introducing the solid-state system with
a signicant amount of strain and defects. This causes the raw
material particles to deform violently and creates internal
vacancies and alterations, which in turn promote the dispersion
of atoms or ions. Simultaneously, the ongoing collisions among
the particles will consistently create new surfaces, reduce the
dispersion distance, and promote chemical reactions.57 T. Ma
et al. mechanochemically constructed Bi2WO6/ZnAl-LDH
heterojunction as illustrated in Fig. 4a. The uniform distribu-
tion of Bi2WO6 particles on the LDHmatrix, which forms a well-
4906 | RSC Adv., 2026, 16, 4898–4935
structured heterojunction by a mechanochemical method, is
conrmed by SEM (Fig. 4b). Mechanical energy facilitates the
close contact and interfacial bonding between Bi2WO6 and
LDH. This creates a heterostructure interface that permits
mutual stability and electronic interaction. The nanohybrid
indicates a occulated morphology of LDH structure with
irregularly shaped Bi2WO6 particles evenly distributed over its
surface emphasizing the efficiency of the mechanochemical
process in creating homogenous composites. It is clearly
evident from Fig. 4c that the individual reections corre-
sponding to the Bi2WO6 and LDH can also be identied in the
Bi2WO6/ZnAl-LDH heterojunction samples. XPS analysis further
conrms the formation of heterojunction as shiing in Zn 2p
(Fig. 4d) and Bi 4f (Fig. 4e) binding energies reveals strong
chemical interactions between ZnAl-LDH and Bi2WO6 instead
of physical mixing because of mechanochemical synthesis.58

Furthermore, Z. Li group designed an innovative Z-scheme
heterostructure of Bi2S3/ZnAl-LDH photocatalyst by mechano-
chemical synthesis. The effective creation of Bi2S3/ZnAl-LDH
nanocomposites was veried by XRD analysis, which di-
splayed distinctive peaks of orthorhombic Bi2S3. Bi2S3 nano-
particles were effectively incorporated into the ZnAl-LDHmatrix
during milling. In the Bi2S3/LDH sample, the primary diffrac-
tion peaks of pure Bi2S3 and LDH had changed intensity, sug-
gesting that one component affected the formation and
reorientation of other crystal throughout the mechanochemical
process.59 Lately, Li and co-authors showcased the insertion of
Pt co-catalyst into ZnAl-LDH nanoparticles by the mechano-
chemical approach to stimulate the chemical bonds in the
primary zinc carbonate and aluminium hydroxide structure,
resulting in the synthesis of LDH. Due to a large ionic radius
and exceptionally high chemical stability, Pt couldn't substitute
Zn or Al in the LDH lattice; instead, it can only be inserted in its
elemental state into the LDH matrix. A tight heterojunction is
established at the biphasic combination between Pt and LDH as
metallic Pt nanoparticles are disseminated evenly around the
exterior surface of the LDH matrix.60
3.4. Calcination method

Calcination is a process of applying heat to a solid chemical
compound to eliminate impurities or volatile substances and
cause thermal decomposition. The compound is heated to an
elevated temperature without melting while being supplied with
a minimal amount of ambient oxygen (the gaseous O2 fraction of
air). LDHs transformed to MMOs at 450–500 °C, which have
a large surface area and an appropriate dispersion of metal
cations. The memory effect that MMOs display enables them to
mimic their layered morphology through the absorption of
anions, by utilizing all successive layers of MMO that have
numerous reactive centres aer calcination. The large specic
surface area of MMO effectively resists photo corrosion while
conversion into MMO enhances the multifunctionality of LDH-
based photocatalyst by enhancing structure crystallinity, elec-
tron mobility, reducing layer aggregation.20 In light of this, D. A.
Islam et al. designed ZnAl-LDH derived ZnO nanorod on etched
graphene oxide (GO) nanosheet by the calcination method and
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Mechanochemical procedure and corresponding structures for Bi2WO6, LDH, and Bi2WO6/LDH heterojunctions, (b) corresponding
SEM image of 30 wt% Bi2WO6/LDH, (c) XRD patterns for as-synthesized Bi2WO6/LDH samples with various wt% Bi2WO6 dosages, XPS spectra for
(d) Zn 2p, (e) Bi 4f for the LDH, Bi2WO6 and 30 wt% Bi2WO6/LDH samples, reproduced with permission from Elsevier. Copyright © 2021.58
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subsequently by in situ development of the LDH on the GO
nanosheets. As evident in Fig. 5a via an in situ co-precipitation
method, the ZnAl-LDH/GO nanocomposite was produced rst.
© 2026 The Author(s). Published by the Royal Society of Chemistry
Then a facile wet chemical decomposition approach was utilized
to develop LDH generated ZnO nanorods deposited GO nano-
composites in an alkaline environment. Highly distributed ZnO
RSC Adv., 2026, 16, 4898–4935 | 4907
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Fig. 5 (a) Fabrication procedure of ZnO/GO nanocomposites, (b) PXRD profile of ZnAl-(CO3
2−)LDH, ZnAl-(CO3

2−)LDH/GO, reproduced with
permission from Elsevier. Copyright © 2024.61 (c) XRD pattern for NiFe2O4, Zn–Al LDH, MMO, NiFe2O4–Zn–Al LDH, NiFe2O4–MMO, reproduced
with permission from Elsevier. Copyright © 2021.62
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nanorods on GO nanosheets were created by the thermochemical
breakdown of the ZnAl-LDH/GO composite at 80 °C. The powder
XRD (PXRD) pattern of the ZnAl-(CO3

2−) LDH/GO composite
closely matches that of pristine ZnAl-(CO3

2−) LDH, indicating that
the LDH crystalline phase is preserved upon incorporation of GO
(Fig. 5b). The increased surface area of graphene oxide (GO)
facilitates the creation of evenly dispersed ZnO nanorods with
regulated size and the improved photocatalytic performance may
be achieved by tuning the band gap of ZnO nanorods by altering
the GO concentration. The TGA arc of ZnAl-(CO3

2−) LDH/GO
determined early loss of weight at 100 °C owing to the desorp-
tion of free carbon dioxide and H2O followed by at 280 °C due to
intercalated CO3

2− andH2O removal, and due to layered structure
disintegration. A higher overall weight reduction in the ZnO/GO
nanocomposite indicates the presence of GO in the composite.
ZnO/GO nanocomposites possess a uniform distribution and
a smooth surface of ZnO nanorods with the spherical develop-
ment and aggregation of 10–15 nm-diameter ZnO nanoparticles.
The formation of homogeneous ZnO nanorods with hexagonal
crystalline wurtzite is regulated by the GO surface as the GO layers
serve as a platform for the nucleation and orientational growth of
ZnO nanorods, thereby averting their accumulation. The lattice
4908 | RSC Adv., 2026, 16, 4898–4935
fringes between two neighbouring planes of a ZnO nanorod are
approximately 0.26 nm, which resembles to the (002) plane of the
wurtzite hexagonal morphology of the ZnO nanorod. The study of
morphology emphasizes the importance of GO in regulating the
size, shape, distribution, and crystallinity of ZnO nanostructures
by calcination.61 Furthermore, P. Veisi and groups prepared
NiFe2O4/ZnAl-LDH MMO composite and they studied the inte-
grated effect of photocatalysis and adsorption in removing
organic pollutants from contaminated water. The primary
processes that drive the NiFe2O4/ZnAl-LDH and its calcined
counterpart (NiFe2O4–MMO) are hydrothermal synthesis and
calcination, which result in structural integration and trans-
formation. In composite, NiFe2O4 particles embedded in a matrix
of mixed metal oxides, increasing visible light activity, electrical
conductivity, and surface area. The diffraction pattern of the
nanocomposite demonstrates the absorption peaks associated
with MMO, ZnAl-LDH, and the NiFe2O4 spinel structure. A variety
of metal oxides, including ZnO crystal composition in the
hexagonal phase, Zn6Al2O9 in the cubic phase and ZnAl2O4 spinel
structure in the FCC cubic phase, were also represented by the
peaks revealed the effective synthesis of NiFe2O4–MMO hetero-
structure as shown in Fig. 5c. The destruction of interlayer bonds
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Fabrication process of BP/LDH, (b) XRD patterns of BP, ZnAl-LDH, BP-1/LDH, BP-4/LDH, and BP-7/LDH, reproduced with permission
from Elsevier. Copyright © 2021.64 Low-magnified TEM images of (c) CoZnAl-LDH, (d) MnZnAl-LDH. N2 adsorption/desorption isotherms of (e)
CoZnAl-LDH and Co/ZnS samples, and (f) MnZnAl-LDH, and Mn/ZnS samples, reproduced with permission from Royal Society of Chemistry.
Copyright © 2019.37

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2026, 16, 4898–4935 | 4909
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during calcination causes ZnAl-LDH to change into MMO (ZnO,
Zn6Al2O9, ZnAl2O4), which has a larger thickness (50–80 nm). In
the NiFe2O4/ZnAl-LDH composite, NiFe2O4 crystals were observed
on LDH plates and in the NiFe2O4–MMO composite, NiFe2O4 was
inserted in the calcined mixed oxide matrix.62

3.5. Electrostatic self-assembly method

A spontaneous process termed as self-assembly allows disorga-
nized structural components or nanostructures in the desired
arrangement using electrostatic forces. Employing the attraction
between species with opposing charges, this technique constructs
layers or structures in a controlled way. Because of its unique
nano-architectonics and tunable chemical composition, the layer-
by-layer (LBL) self-assembly technology offers a exible approach
to constructing precise multi-layer nanohybrids.63 In this example,
J. Yang and team designed ZnAl-LDH@BP nanocomposite inu-
enced by the electrostatic interaction as illustrated in (Fig. 6a). The
BPNs were produced using liquid exfoliation, and interact with
ZnAl-LDH through electrostatic self-assembly due to their
opposing zeta potentials (−12.2 mV for BPNs and +42.8 mV for
LDH). In the BP/LDH composites, decreased and broadened LDH
peak intensity were observed, indicating reduced crystallinity and
smaller particle size because of higher and successful incorpora-
tion of BPN content revealed in Fig. 6b. ZnAl-LDH showed regular,
hexagonal aky platelets but the introduction of BPNs increased
dispersity and decreased platelet size, resulting a rough surface. As
a result of the electrostatic attraction, contact between BPNs and
ZnAl-LDH, size of ZnAl-LDH decreased with preventing
aggregation.64

In another attempt, A. R. Amani-Ghadim and his research
groups synthesized heterostructure via self-assembling of oppo-
sitely charged binary ZnAl-LDH/ZnS QDs and ternaryMIIZnAl (MII
=Ni, Co, andMn) LDHs/ZnS QDs using 3-mercaptopropionic acid
(MPA) as capping agent. In this nanocomposite ZnS QDs were
partially introduced within the interlayer's region of LDHs. The
ZnS QDs/LDH composite using self-assembly synthesis method
successfully alters the CoZnAl-LDH and MnZnAl-LDH
morphology, produces more compact nanosheet assemblies,
enhanced particle dispersion, and intercalated structures with
enlarged layers speculate by TEM data in Fig. 6c and d. As illus-
trated in Fig. 6e and f, Mn/ZnS has a smaller surface area whereas
Co/ZnS has a greater surface area than pristine LDH. The reduc-
tion in surface area was caused by partial intercalation of particles
in the interlayer space of LDH and ZnS quantum dots being
deposited on the exterior planar surface.37

4. Fundamental insights into the
underlying mechanisms of the various
photocatalytic applications

The mechanism of photocatalysis involves the light-absorption
potential of a semiconducting material to generate electron–
hole pairs that drive redox reactions at the material's surface. As
a result, photocatalysis serves the major concerns relating
environmental remediation and energy generation. In other
words, photocatalysis aims to mimic the natural photosynthetic
4910 | RSC Adv., 2026, 16, 4898–4935
pathway by converting solar energy into chemical fuels (e.g., H2

or hydrocarbons) from water and/or carbon dioxide under
controlled conditions. A key advantage of photocatalysis is its
relative simplicity and applicability that can leverage more
complex reaction pathways and higher value chemical outputs
under ambient conditions, but it typically demands more
precise material design, tighter band-edge alignment, and oen
suffers from lower stability and scalability. When a semi-
conductor photocatalyst is irradiated with light of energy equal
to or greater than its band gap, electrons in the valence band
(VB) are excited to the conduction band (CB), leaving behind an
equivalent number of holes in the VB. This leads to the gener-
ation of electron–hole pairs, which are the fundamental reactive
species responsible for driving chemical transformations. The
mechanism typically proceeds through four sequential steps: (i)
light absorption: the photocatalyst absorbs photons with energy
greater than or equal to band gap. (ii) Charge generation: elec-
tron–hole pairs are created within the semiconductor lattice.
(iii) Charge migration and separation: electrons and holes
migrate to the surface via diffusion or internal electric elds,
ideally remaining separated. (iv) Surface redox reactions: elec-
trons reduce species such as O2 or H

+, while holes oxidize water,
hydroxide ions, or organic molecules. The photoexcited elec-
trons in the conduction band possess sufficient reduction
potential to react with electron acceptors, such as molecular
oxygen, forming ROS like superoxide radicals (O2c

−). Simulta-
neously, the holes in the valence band act as strong oxidizing
agents and can oxidize water or hydroxide ions to produce
hydroxyl radicals (cOH). These ROS are highly reactive inter-
mediates capable of decomposing organic pollutants, reducing
CO2, or splitting water into H2 and O2. However, the overall
photocatalytic efficiency of a semiconductor strongly depends
on the competition between charge separation and recombi-
nation. Rapid recombination of photoinduced electron–hole
pairs dissipate energy as heat or light, reducing the number of
carriers available for surface reactions. Therefore, strategies
such as heterojunction formation, metal or non-metal doping,
cocatalyst loading, and surface modication are employed to
promote charge separation, suppress recombination, and
extend light absorption into the visible region.65
4.1. Photocatalytic hydrogen evolution reaction (HER)

Photocatalytic water splitting is a potential technique for splitting
water into H2 and O2, helping to address environmental and
energy issues. The process is endothermic, thermodynamically
uphill with change in standard Gibbs free energy (DG°)
237 kJ mol−1, and requires external energy input. The detailed
processes are shown in Scheme 3. Thermodynamic studies indi-
cate that water electrolysis becomes possible when the CB poten-
tial of the semiconductor is more negative than H+/H2 (0 V vs.
NHE) and more positive than O2/H2O (1.23 V vs. NHE). Upon light
irradiation, the photogenerated excitons produced are separated
and migrated towards the VB and CB of LDHs, followed by
migration to the surface of the photocatalyst (Scheme 3a). The
photoexcited electrons combine with H+ to form hydrogen, while
the holes oxidize water to produce O2.49 Throughout the water
© 2026 The Author(s). Published by the Royal Society of Chemistry
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splitting process, photo-oxidation and photo-reduction reactions
occur simultaneously at the VB and CB, respectively.28 The excited
electrons participate in a reduction reaction with protons to
produce hydrogen, while sacricial reagents or water consume the
holes to generate protons and O2. Redox activity can be enhanced
by using sacricial agents such as ethanol, glycerol, lactic acid,
triethanolamine (TEOA), and methyl. This is because each pho-
tocatalyst interacts differently and exhibits varying efficiencies
with these sacricial agents due to their different adsorption
abilities and available protons.

H2O + 2h+ / 2H+ + 1/2O2 E˚ = +1.23 V (1)

2H+ + 2e−1 / H2 E˚ = 0.00 V (2)

H2O / H2 + 1/2O2 DE˚ = 1.23 V (DG˚ = 278 kJ mol−1) (3)
Scheme 3 (a) Schematic representation of HER, (b) schematic illustration
of photocatalytic CO2 reduction.

© 2026 The Author(s). Published by the Royal Society of Chemistry
Photocatalytic water splitting using semiconductor-based
photocatalysts effectively uses the solar energy to split H2O
molecules into H2 and O2. This overall water dissociation is
a multielectron, energetically uphill and endothermic process
with a huge positive change in Gibbs' free energy (DG° =

+238 kJ mol−1; 2.46 eV per molecule). For reduction to happen,
the semiconductor's CB edge potential needs to be (H+/H2 =

0.00 V vs. NHE at pH = 0 or −0.41 V vs. at pH = 7) and the VB
edge must be greater than the water's oxidation potential (O2/
H2O = +1.23 V vs. NHE at pH = 0 or +0.82 V vs. NHE at pH = 7)
to perform overall water splitting. Hence, a requisite bandgap
energy of 1.23 eV is required to complete the water-splitting
process effectively.20
4.2. Photocatalytic pollutant degradation

Eco-friendly methods for destroying industrial wastewater
pollutants like phenol, dye, petroleum hydrocarbons, and
of photocatalytic pollutant degradation, and (c) schematic visualization

RSC Adv., 2026, 16, 4898–4935 | 4911
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antibiotics are becoming an urgent concern owing to their
detrimental impacts on aquatic life and their possible carci-
nogenic hazards pose to people. Among them, photocatalytic
degradation is an emerging approach that transform harmful
environmental pollutants into less toxic materials on a semi-
conductor photocatalyst (Scheme 3b). The intricate mecha-
nism of photocatalytic pollutant degradation is elucidated in
the following reactions.21,66

Photocatalyst + hn / e− + h+ (4)

O2 + e− / O2c
− (5)

O2
c� þH2O/HO

�

2 (6)

H2O/OH− + h+ / cOH (7)

O2
c��HO

�

2

�
cOHþOPs/CO2 þH2O (8)

4.3. Photocatalytic CO2 reduction

One of the most prevalent gases in nature is CO2, however in
recent years, excessive CO2 emissions have led to a variety of
signicant energy and environmental issues. Through photo-
catalysis, efforts have been made to transform CO2 into useful
compounds like C1 and C2 species. However, a p-bond
between the p-orbital electrons on the carbon and oxygen
atoms forms the stable linear molecule structure of CO2. This
means that reducing CO2 requires a signicant amount of
energy, which creates high energy demands. The problem of
excessive energy consumption in CO2 valuable conversion is
expected to be resolved by the suggested energy-free photo-
catalytic technique.49 Since CO2 is a highly stable (DG° =

−400 kJ mol−1) and inert molecule with linear conguration, it
takes an immense amount of energy to break the C]O bond
(750 kJ mol−1) and create new C–H bonds during catalytic
reduction process. The molecule is rendered inactive due to
the large energy difference between the LUMO and the HOMO
(13.7 eV) as well as the strong electron affinity of CO2. Photo-
catalysis is a facile method for triggering and converting CO2

into high-value-added chemicals including CO, CH3OH,
HCOOH, CH4, and so on. Under solar light illumination, holes
from the VB are usually engaged in some water oxidation,
while e− from the CB can contribute to the reduction of CO2

(Scheme 3c). The distribution of the end products can vary
depending on the type of reductant, operating conditions, and
the quantity and potential of the charge carriers involved in
the chemical reaction.43,67

CO2 + 2e− + 2H+ / HCOOH (9)

CO2 + 2e− + 2H+ / CO + H2O (10)

CO2 + 4e− + 4H+ / HCHO + H2O (11)

CO2 + 6e− + 6H+ / CH3OH + H2O (12)

CO2 + 8e− + 8H+ / CH4 + 2H2O (13)
4912 | RSC Adv., 2026, 16, 4898–4935
4.4. Conceptual interpretations of piezo potential enhanced
photocatalytic mechanism

The rapid recombination of photogenerated charge pairs and
the ineffective interfacial redox reaction generally lower the
quantum efficacy and signicantly restrict the photocatalytic
performances. These limits of photocatalysis prompted the
development of a new eld of study called piezo-phototronics
phenomenon, which combines the study of semiconductor
physics, and their photo excitation process with piezoelectric
science to exploit the piezoelectric polarization to change the
initiation, separation, and migration of carrier charge pairs as
well as recombination at the intersection and the peripheral
surface is the fundamental idea of this process.38,68 Therefore,
a piezoelectric polarized photocatalysis is a sustainable meth-
odology that incorporates both photocatalysis and piezo catal-
ysis, where photocatalysis involves a light source conjunction
with a semiconductor to induce the formation of charge carriers
and their separation. In contrast, piezo catalysis relies on
mechanical strain to excite and separate charge carriers. The
synergistic integration of these two processes signicantly
enhances charge separation, thereby improving overall photo-
catalytic efficiency. Generally, piezo-photocatalysis is governed
by the piezoelectric potential stimulated photocatalysis, which
determines the potential of materials to accumulate solar
energy, along with mechanical energy, or vibrational energy.
The mechanism of piezo-photocatalysis entails two steps: rst,
photons with suitable energy stimulate electrons from the VB to
CB; second, mechanical energy generates an internal electric
eld that restricts charge recombination and makes more
feasible for photoelectrons to diffuse from the bulk to the
surface initiating the reduction reaction. The accumulation of
charges at the interface generates free radicals that react with
the adsorbed molecules.69,70 As mechanical strain is applied,
there is a noticeable displacement in both occupied and unoc-
cupied energy levels. The highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO)
effects are only observable in piezocatalytic solutions, where the
applied mechanical stress causes a piezo-potential, which
bends the conduction band below the HOMO levels and allows
charge carriers to migrate from the HOMO to the conduction
band. On the other hand, electrons shi from the valence band
to the LUMO that illustrated in Fig. 7. The combination of
piezoelectric materials in photocatalysis aids in the execution of
promising charge separation rather than utilizing numerous
techniques like band gap tuning, anion doping, composite
semiconductor formation, and defects formation, among
others, for an efficient charge separation in a photocatalytic
system.71 Typically, non-centrosymmetric catalysts can undergo
deformation and exhibit piezoelectric effects when exposed to
external forces like ultrasonic waves, thermal stress, ultra-
sonication, stress and water ow, etc. These piezoelectric elds
could prudently facilitate catalytic performance by contributing
in the movement of induced charge carriers in bulk and surface
of the photoactive material, which encourages separation and
reduced the charge recombination and modies the band
structure at the heterogeneous interface.72
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a–c) Diagrammatic representation of the piezo potential distribution subjected to external force, (d and e) band alignment under
unstrained and strained environment, reproduced with permission from American Chemical Society. Copyright © 2024.70
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5. Design strategies of the ZnAl-LDH-
based high-performance catalysts
towards various applications

ZnAl-LDH have strong tunability, which enables them to
modify their architectural and electronic structures, imple-
menting a variety of modication techniques to improve
photocatalytic performance.45 The development of ZnAl-LDH-
based high-performance catalysts for exceptional activity and
stability can be primarily patterned following structural and
compositional variation for more active site exposure and
structural adjustability by adopting various approaches such
as (i) doping or defect engineering, (ii) heterostructure or
composites formation, (iii) structural transformation via
calcination and, (iv) interlayer anion adjustment, etc. This
section provides insights into the developmental strategies
for modication of ZnAl-LDH-based high-performance cata-
lysts for different applications such as H2 evolution, elimi-
nation of environmental contaminants, and CO2 reduction
etc. Table 2 reads the comparative analysis of the various
modication strategies with respect to the advantages and
disadvantages.
© 2026 The Author(s). Published by the Royal Society of Chemistry
5.1. Doping or defect engineered ZnAl-LDH towards
photocatalytic applications

Doping is an advanced technique that can signicantly enhance
light absorption and concurrently create benecial defects in
the LDHs structure for photoinduced carrier charge transfer
ability. Doping also implies the inclusion of foreign metal
cations into the LDH structure, which stimulates the basal
plane to expose active sites, tunes its band gap, thereby
enhancing its electron mobility. The photocatalytic perfor-
mance of LDHs can be altered by incorporating a trivalent or
tetravalent cation, oen termed as “dopant” of the LDHs, in
which trivalent or tetravalent is used alongside a bivalent
cation. The incorporation of trivalent metal cations into the
LDHs structure is considered crucial for enhancing the visible
light absorption, tuning the photocatalytic properties, and
electronic structure of LDHs (Cr3+, Fe3+). Doping may substan-
tially improve light absorption while simultaneously creating
charge defects benecial for photoinduced charge transport
efficiencies.47

The various metal dopants alter the electronic structure of
ZnAl-LDH by establishing impurity energy levels that reduce the
band gap and improve absorption of visible light. The electronic
RSC Adv., 2026, 16, 4898–4935 | 4913
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Table 2 Comparative analysis of the various modification strategies with respect to the advantages and disadvantages

Modication strategies of ZnAl-LDH Advantages Disadvantages

Doping � Extends light absorption to visible
wavelengths, boosting efficiency

� Greater level of dopants can reduce
photocatalytic efficacy forming recombination
sites

� Promotes the separation of charge carriers to
inhibit recombination

� High dopant concentrations cause
agglomeration, hence minimizing surface area
and active sites� Alters band structures to get ideal redox

potentials
Intercalation � Intercalated molecules or anions can serve as

charge-transfer bridges or mediators of
electrons

� Some intercalated species can scatter light that
hinders effective light penetration into LDH

� Expose more active sites expanding interlayer
space of LDH

� Certain intercalated anions or molecules can
trap the charges reducing photoactivity

Calcination � MMOs have improved electrical conductivity
and higher charge separation efficiency

� Overheating can completely collapse the LDH
structure

� Robust metal–metal interaction of MMOs
show higher activity

� MMOs may experience undesired phase
changes at high calcination temperatures

� Produces large-surface-area with porous
structures that provide more active sites

Heterostructure � Can promote chemical and thermal stability
and decrease photo corrosion

� Inappropriate band alignment can produce
charge trapping sites encouraging electron–hole
recombination
� Heterostructure production frequently entails
length, multi-step method

� Allows band alignment which maximizes
charge ow within components for desired
redox reactions

� Different materials may separate or
agglomerate during synthesis, resulting in
uneven active sites
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density of states is altered by interactions between the d or f
orbitals of dopant and the O 2p or Zn 3d orbitals of ZnAl-LDH,
which result in modications to the CB and VB locations. The
dopants can induce OVs and surface defects which create
localized electronic states that improve charge mobility and
surface reactivity. Dopant ions frequently serve as electron or
hole traps, which lowers recombination rates and facilitates the
effective separation of photogenerated charge carriers. In
general, doping in ZnAl-LDH promotes charge transport,
adjusts the band structure, and increases photocatalytic effi-
ciency. Noble or transition metals like (e.g., Ru, Pt, Ni, Co, Mo,
Cu) can function as co-catalysts or electron carriers are more
efficient for HER. These dopants with multiple oxidation states,
lowers the CB edge or create donor levels to speed up electron
transport for H2 evolution. For superior pollutant degradation,
the dopants like (Bi, Mn, Fe, and Cu), induce OVs or increase
oxidative capacity by raising VB position or introducing
acceptor states to boost hole activity and ROS formation.73

For example, Mendoza et al. introduced different oxidation
states of Mn into ZnAl-LDH to create Mn-doped ZnAl-LDH
material, which exhibited excellent 4-chlorophenol photo-
degradation due to the presence of various oxidation states of
Mn (Mn2+, Mn3+, Mn4+), serving as photogenerated charge
separators to enhance the photocatalytic degradation of 4-
chlorophenol. The introduction of Mn into the octahedral
sheets improves the light-harvesting capacity of ZnAl-LDH
materials. The role of Mn as a charge separator is proposed,
where Mn acts as an electron e− (Mn3+, Mn4+) or hole h+ (Mn2+,
Mn3+) trapper, depending on its oxidation state. The
4914 | RSC Adv., 2026, 16, 4898–4935
degradation of 4-chlorophenol is accelerated in ZAMn LDH
samples due to the different Mn oxidation states (Mn2+, Mn3+,
and Mn4+) that generate an accumulation of h+, combined with
the effects of cOH radicals, which facilitates increased degra-
dation. Characterization techniques demonstrated the presence
of Mn2+, Mn3+, and Mn4+ in the LDH structure, while the O 1s
signal conrmed the LDH phase reconstruction in the aqueous
medium (Fig. 8a). Mn doping of ZnAl-LDH enhances both
physicochemical and photocatalytic properties.36

It is established that metal cation doping within the lattice
structure leads to the formation of OVs, resulting in high cata-
lytic performance. The role of OVs extends beyond enhancing
light responsiveness; they can also function as e− traps to
inhibit the recombination of excitons. Hence, OV-rich photo-
catalysts are particularly effective in boosting photocatalytic
activity. Bismuth ions have been extensively studied in recent
decades as excellent activators and sensitizers. In semi-
conductors, attempts have been made to enhance the density of
charge carriers through Bi3+ doping in chalcogenide, signi-
cantly reducing the material's band gap. Due to a higher ioni-
zation potential than aluminium atoms, bismuth atoms are
more likely to form Bi–O bonds. Furthermore, Bi atoms have
a higher radius than aluminium atoms, leading to the distor-
tion of lattice and the formation of OVs. By doping ZnAl-LDH
with Bi, Wang et al. designed Bi-doped ZnAl-LDH enriched
with OVs through the hydrothermal method. The increased
concentration of OVs at the material's surface via Bi3+ doping in
Bi–ZnAl-LDHs enhanced natural light absorption ability and the
efficiency of photogenerated electron/hole pair separation,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) XPS spectra of the O 1s region of ZAMn1 dried sample, reproduced with permission from Elsevier. Copyright © 2015.36 (b) Schematic
illustration of the vacancy formation of BZA-X, (c) the TPC response, (d) Nyquist impedance plots of BZA-X, reproduced with permission from
Royal Society of Chemistry. Copyright © 2024.56 (e) UV-visible spectra of RhB solution irradiated under visible light over the sample Cu-1.0, with
permission from American Scientific Publishers. Copyright © 2019.74 (f) Mechanistic pathway in RuLDH0.2/PMS/vis system, reproduced with
permission from Elsevier. Copyright © 2024.75
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inuencing the degradation rate of ciprooxacin (CIP). The
substitution of Bi in ZnAl-LDH successfully promoted the
creation of abundant surface OVs. The OVs induced by Bi
substitution facilitated the process of H+ adsorption in the
reaction system, further enhancing the OH formation (Fig. 8b).
The primary active species, OH− and h+, signicantly assisted in
the photodegradation of CIP, with the degradation rate
constant for BZA-0.5 being 1.56 and 2.63 times greater than
those of ZnAl-LDH, respectively. BZA-0.5 demonstrates
outstanding catalytic activity for CIP degradation across a broad
pH range. The spike in the concentration of OVs contributed to
the production of ROS, subsequently improving the material's
photocatalytic activity. A potential reaction mechanism was
proposed in which BZA-X adsorbs oxygen and H+ to generate
H2O2, producing

−OH as the active substance. EPR experiments
further validated that OH− and h+ were the primary active
substances. Ultimately, the authors explained that the unique
structural features, larger specic surface area, and active
multicomponent in the Bi-doped ZnAl-LDH nanocomposite
substantially enhance the photocatalytic degradation of CIP,
based on the separation efficiency of the photogenerated charge
carriers, as corroborated by photocurrent density and electro-
chemical impedance spectra (EIS), as shown in Fig. 8c and d.56

Li et al. adopted the coprecipitation method to incorporate Cu
into ZnAl-LDH, which imparts OV, and generates distorted CuO6

octahedrons. These well-dened sheets contribute to the
© 2026 The Author(s). Published by the Royal Society of Chemistry
electronic excitation under visible light. The doping of Cu2+ into
the LDH sheets expands the visible light absorption capability
of ZnAl-LDH (Fig. 8e). The doped Cu2+ ions also act as photo-
induced charge carrier separators, efficiently separating the
excited electron–hole pairs. This results in outstanding photo-
degradation of RhB and stability that ts the rst-order kinetics
model.74

Similarly, Zheng et al., combined the optimized amount of
ruthenium (Ru) doped into ZnAl-LDH, which caused enhanced
photocatalytic activities. The generation of OVs was one among
the characteristics that decreased charge recombination and
improved adsorption. It is known that the copious 4f electrons
of lanthanides integrated as dopants that can segregate
photogenerated charges by distorting the LDH lattice and serve
as potent adsorption sites for reactants. The optimized catalyst,
noted as RuLDH0.2, displayed outstanding catalytic efficiency
during the PMS activation for the tetracycline degradation,
achieving 100% degradation within 35 min, accompanied by
a 45% mineralization of TC within 45 min. The RuLDH catalyst
owns copious catalytic reaction sites and displays visible light
trapping ability, promoting its utilisation in TC photo-
degradation. RuLDH0.2 nanoarrays with single-atom synergy
were the main photoreactive elements in photoactivated per-
oxymonosulfate (PMS). The RuLDH0.2 structures' well-matched
single atoms contributed to a favourable balance between light-
capturing capacity and high redox potential, enabling an array
RSC Adv., 2026, 16, 4898–4935 | 4915
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Fig. 9 Schematic representation of (a) type I, reproduced with permission from Taylor & Francis. Copyright © 2020.78 (b) Type II, (c) direct Z-
scheme, and (d) S-scheme heterostructures in photocatalysis, reproduced with permission from Elsevier. Copyright © 2024.8
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of applications in TC removal andmonitoring as depicted in the
mechanism present in Fig. 8f.75
5.2. ZnAl-LDH-based heterostructures for photocatalysis

Photocatalytic heterostructures have emerged as one of the
most effective strategies to overcome the intrinsic limitations of
single-component semiconductors, such as rapid e−/h+ recom-
bination and limited light absorption. By coupling two or more
semiconductors with different band structures, it is possible to
create built-in electric elds at the interface, which facilitate
efficient charge separation and transfer. This interfacial engi-
neering signicantly enhances photocatalytic activity, making
several heterojunctions a central design principle in advanced
photocatalyst development, each with distinct charge transfer
mechanisms and performance characteristics. For example, in
type-I heterojunctions, both photogenerated electrons and
holes migrate into one semiconductor with a narrower band
gap. While this structure favours strong light absorption, it
oen suffers from poor redox efficiency due to high charge
carrier recombination. Type-II heterojunctions enable spatial
separation of charge carriers—electrons move to the conduc-
tion band of one component while holes remain in the valence
4916 | RSC Adv., 2026, 16, 4898–4935
band of the other—thereby extending carrier lifetime. However,
this conguration usually results in a loss of redox potential,
which can limit reaction kinetics. Z-scheme heterojunctions,
inspired by natural photosynthesis, combine strong redox
ability with efficient charge separation by allowing high-energy
electrons and holes to remain in their respective bands while
recombining low-energy carriers at the interface. Their main
drawback lies in structural complexity and the requirement for
precise band alignment to maintain directional charge ow.
More recently, S-scheme heterojunctions have gained attention
for integrating the advantages of type-II and Z-scheme systems.
They rely on an internal electric eld and band bending to drive
selective charge transfer, maintaining both high redox power
and effective charge separation. Despite their promise, their
practical application is oen challenged by the difficulty in
achieving stable and well-dened interfaces. While each
heterojunction type brings unique strengths, they also present
specic trade-offs related to charge recombination, redox
potential, and fabrication complexity. Hence, a clear under-
standing of these mechanisms is essential for rational design,
enabling the development of next-generation photocatalysts
with superior activity and stability (Fig. 9).76,77
© 2026 The Author(s). Published by the Royal Society of Chemistry
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ZnAl-LDH has garnered a lot of research attention in the
photocatalysis arena, primarily because of its superior physi-
cochemical characteristics, including strong response to visible
and ultraviolet light, wide specic surface area, high capacity for
adsorption, and tunable band gap. However, the quick recom-
bination of photogenerated charge carriers of ZnAl-LDH
decreases its photocatalytic activity, which connes its use as
a standalone photocatalyst. Integrating ZnAl-LDH with other
semiconductor materials with matching energy levels enables
the charge transfer process mediated by either type-I, type-II, Z-
scheme, or S-scheme mechanism. The ZnAl-LDH-based
heterostructures enhanced performance by enabling efficient
charge separation through heterojunctions, reducing electron–
hole recombination, and broadening light absorption across
the UV-visible spectrum. The integration of materials improves
charge mobility, increases surface area and active sites, and
provides synergistic effects that augment catalytic activity.
Additionally, composite structures offer greater stability against
photo corrosion and allow tunable physicochemical properties,
making them highly effective for various photocatalytic
applications such as pollutant degradation and hydrogen
generation, etc.

For instance, Wang et al., reported MoO3/ZnAl-LDH hetero-
structure for the degradation of tetracycline (TC) via
Fig. 10 (a) Visible light irradiated photocatalytic degradation mechanism
responses, and (c) electrochemical impedance spectroscopy (EIS) char
reproduced with permission from Elsevier. Copyright © 2021.45 (d) UV-vi
LDH composites, and ZnCdS/Bi2WO6/ZnAl-LDH composites, (e) simulate
LDH through radical trapping test, reproduced with permission from Else
EN@Zn–Al-LDH, reproduced with permission from Elsevier. Copyright ©

© 2026 The Author(s). Published by the Royal Society of Chemistry
photocatalysis. The coupling of MoO3 (10 wt%) and ZnAl-LDH
using solvent evaporation method causes effective partition of
photogenerated carrier charge pairs, and the resultant high-
performance MoO3 (10 wt%)/ZnAl-LDH heterostructure
revealed an efficiency in TC removal of 90.5% in 60 min over
MoO3, and maintained outstanding recycling capacity and
stability aer ve repeated cycles. The author also anticipated
a possible type-II mechanism (Fig. 10a) for promoting charge
separation among MoO3 and ZnAl-LDH, for the enhanced
photocatalytic property of the composites (Wang et al., 2021), as
witnessed from the transient photocurrent and EIS spectra
(Fig. 10b and c).45

As heterostructure formation is an efficient method for
increasing the photocatalytic activity of composite by acceler-
ating photogenerated charge migration. In this framework, Sun
et al. successfully synthesized ower-like spherical ZnCdS/
Bi2WO6/ZnAl-LDH dual type-II heterostructure using a two-step
hydrothermal process for crystalline violet (CV) degradation
and photocatalytic hydrogen production. The intimate
connection of the three components ZnCdS, Bi2WO6, and ZnAl-
LDH leads to the creation of the dual type-II heterostructure
that facilitates photo-induced carrier separation and transfer
between the three components, reducing the recombination
rate for effective photocatalytic activity of ZnCdS/Bi2WO6/ZnAl-
for TC over MoO3/Zn–Al LDHs composites, (b) transient photocurrent
t of MoO3, Zn–Al LDHs, and MoO3 (10 wt%)/Zn–Al LDHs composite,
s/DRS absorption spectra of ZnCdS, Bi2WO6, ZnAl-LDH, Bi2WO6/ZnAl-
d sunlight irradiated experimental results of 20% ZnCdS/Bi2WO6/ZnAl-
vier. Copyright © 2023.79 (f) Pore size distribution plot of Fe3O4–SiO2-
2024.80
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Fig. 11 (a) CIP removal rate in Fe3O4–SiO2-EN@Zn–Al-LDH, (b) under different light sources, reproduced with permission from Elsevier.
Copyright © 2024.80 (c) Photogenerated Z-scheme carrier transfer path diagram of CdIn2S4/LDH heterojunction, (d) DMPO spin-trapping ESR
spectra for 15 wt% CdIn2S4/LDH in aqueous dispersion for DMPO-cO2

−, reproduced with permission from Elsevier. Copyright © 2025.81 (e)
Efficiency of NTP removal, and (f) NTP degradation mechanism in In2O3-OV/ZnAl-LDH-OV/PMS/vis system, reproduced with permission from
Elsevier. Copyright © 2025.82
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LDH heterostructure. The UV-DRS analysis (Fig. 10d) of 20%
ZnCdS/Bi2WO6/ZnAl-LDH manifests the highest redshi in
visible light and a smaller band gap, which is due to the strong
light absorption of ZnCdS and Bi2WO6, anticipated to have the
best photocatalytic activity. The ZnCdS/Bi2WO6/ZnAl-LDH
heterostructure showed a superior photocatalytic CV degrada-
tion within 40 min, and H2 evolution rate of 633.58 mmol g−1,
which is 8-fold times higher than pure ZnAl-LDH. The high
activity of 20% ZnCdS/Bi2WO6/ZnAl-LDH was attributed to the
synergistic effects of heterointerfaces. Further radical trapping
tests involving BQ (benzoquinone), EDTA (ethylene diamine
tetra acetic acid), and IPA (isopropyl alcohol), as illustrated in
Fig. 10e indicated superoxide (O2c

−) as the primary active
species in the photocatalytic degradation of CV based on the
superoxide radical trapping with the help of BQ.79

Following the concept of nanostructure design, T. J. Al-
Musawi et al. designed the Fe3O4–SiO2-EN@Zn–Al-LDH nano-
structure, which functions as a novel photocatalyst for the
degradation of CIP. The advantageous electrical interaction
among the positive charges of LDH and the negative charges of
Fe3O4–SiO2 and the high conductivity of Fe3O4 nanoparticles
allows them to function as an electron acceptor generated from
the LDH surface for separating e−/h+ pairs and prolonging the
lifespan of these species for photocatalytic activity. The
composite material possesses notable BET surface area (28.67
m2 g−1), large pore volume (6.58 cm3 g−1), and small average
pore size (1.64 nm) as evident in Fig. 10f. The core–shell LDH
Fig. 12 (a) Energy-band sketch of the heterojunctions combined by Zn–A
spectra of Zn–Al LDH, ZnIn2S4, and n wt% ZnIn2S4/LDH samples, (d) de
duced with permission from Elsevier. Copyright © 2024.83 (e) N2 adsorptio
reproduced with permission from Elsevier. Copyright © 2024.84

© 2026 The Author(s). Published by the Royal Society of Chemistry
composite demonstrated the ease of activation in various light
sources, and it can eliminate CIP by 81.4% in visible light,
99.9% in UV light, and 99.9% in solar light (Fig. 11a and b).
These superior outcomes are due to the effect of the composite's
large surface area and unique chemical properties.80 M. Sun
et al. designed a novel Z-scheme-based heterostructure, such as
CdIn2S4/ZnAl-LDH composites, via the mechanochemical
process for the photodegradation of sodium isopropyl xanthate
(SIPX). The high CB potential of CdIn2S4 and the lower band
positions of ZnAl-LDH enable the construction of Z-type
heterojunctions, achieving full carrier transfer and separation.
The CdIn2S4/LDH composite has an absorption edge between
780 and 830 nm, indicating improved light absorption for
photocatalytic degradation of SIPX as compared to pure ZnAl-
LDH and CdIn2S4. The optimized 15 wt% CdIn2S4/LDH
composite achieved over 90% degradation in 180 minutes. The
enhanced activity is due to a stable Z-scheme heterojunction
structure depicted in Fig. 11c, which boosts light absorption
and stimulates charge separation, facilitating photocatalytic
stability and efficiency. DMPO spin trapping analysis revealed
strong signals corresponding to the cO2

− (Fig. 11d) upon expo-
sure to light, playing an inevitable role in the reaction.81 For the
design of high-performance catalysts, Z. Zeng et al. developed
an ultrathin 2D/2D heterostructure of In2O3-OV/ZnAl-LDH-OV

(InLDH0.2) by electrostatic self-assembly of In2O3 with OVs
(In2O3-OV) and oxygen-decient ZnAl-LDH nanosheets (ZnAl-
LDH-OV) for superior nitenpyram (NTP) degradation. The In2O3-
l LDH, and ZnIn2S4 and (b) transient photocurrent response, and (c) EIS
gradation of SIPX with time using n wt% ZnIn2S4/LDH samples, repro-
n isotherm of pure CN, pure ZALDH, and composite of ZALDH/CN-10,
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Fig. 13 (a) Proposed degradation mechanism for MB and Cr(VI) reduction over ZnO/GO, reproduced with permission from Elsevier. Copyright ©
2024.61 (b) PL spectra of Ag3PO4, MMO, APMMO0.5, APMMO0.8, APMMO1, APMMO2, and APMMO3, (c) EIS and (d) photocurrent response
spectra of MMO and APMMO1, reproduced with permission from Elsevier. Copyright © 2022.63 (e) Reusability test, and (f) degradation pathway
over the surface of the Ag–ZnO–Al2O3 photocatalyst, reproduced with permission from Elsevier. Copyright © 2023.85
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OV/ZnAl-LDH-OV with rich OV, enhanced light absorption (450–
550 nm) facilitates effective transfer of photoinduced electrons
to oxygen molecules to create highly reactive singlet oxygen
(1O2) for enhancing the electronic conductivity. The creation of
heterointerface chemical bonds (Al–O–In) is greatly aided by
OVs, which lead to the delocalization of electrons surrounding
the indium sites. In contrast, the InLDH0.2 sample exhibited
markedly superior performance in the PMS/vis system, as
evident in Fig. 11e, achieving complete (100%) NTP degrada-
tion, compared with 76.9% for ZnAl-LDH-OV and only 33% for
In2O3-OV, while also attaining a mineralization efficiency of
47%. Furthermore, the ultrathin S-scheme heterojunction
(Fig. 11f) facilitates the efficient formation of cOH, SO4c

−, and
1O2 radicals and promotes the activation of PMS by encouraging
the ow of photogenerated electrons from In2O3-OV to the Al
sites of ZnAl-LDH-OV for enhanced photocatalytic
degradation.82

In another attempt, M. Sun et al. created an innovative
binary Z-scheme ZnIn2S4/ZnAl-LDH composite using a ball-
milling process and a two-step mechanochemical approach.83

This ZnIn2S4/ZnAl-LDH composite showed exceptional effi-
ciency in the photodegradation of the organic otation reagent
sodium isopropyl xanthate (SIPX) under sunlight, establishing
Fig. 14 (a1–c1) Structural models, (a2–c2) band structures, and (a3–c3)
from American Chemical Society. Copyright © 2024.86

© 2026 The Author(s). Published by the Royal Society of Chemistry
the Z-scheme heterojunction. The optimal 15 wt% ZnIn2S4/LDH
composite discloses 95% xanthate (SIPX) degradation within
180 min under visible light, which was approximately 18.2 and
5.0 times that of LDH and ZnIn2S4. The superior photocatalytic
activity of ZnIn2S4/LDH hybrid is initiated from the P–P, Z-
scheme heterojunction as veried from the energy band
sketch diagram, photocurrent, EIS, and results (Fig. 12a–c).
Besides, the quantitative photocatalytic results reveal
a pronounced enhancement in the ZnIn2S4/LDH heterojunction
system, with the optimized 15 wt% ZnIn2S4/LDH sample
achieving 95% SIPX degradation, a 5-fold increase compared to
the LDH and 2.5-fold increase compared to ZnIn2S4, clearly
demonstrating the superior synergistic interaction (Fig. 12d).

As is well known, the LDHs have been incorporated onto
various substrates such as metal oxide, g-C3N4, metal sulphide
(ZnS), and MOF materials for heterostructure formation
towards photocatalytic applications. A. Gandamalla et al. re-
ported the coupling of extremely effective ZnAl-LDH with g-C3N4

(ZALDH/CN) heterostructure for ciprooxacin (CIP) photo-
degradation using a microwave irradiation approach.
Compared to neat CN and ZALDH photocatalysts, the optimum
ZALDH/CN-10 composite demonstrated a higher degradation of
84.10% with rate constant of 1.22 × 10−2 min−1. The ZALDH/
total PDOS of ZnAl LDH, ZnAlSx, and ZnSx, reproduced with permission

RSC Adv., 2026, 16, 4898–4935 | 4921
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Fig. 15 (a) UV-vis DRS spectra of LDH-CO3, LDH-Cl, LDH-NO3, and LDH-DS, respectively, (b) schematic illustration of LDH-DS, LDH-NO3, and
LDH-CO3, respectively, reproduced with permission from Elsevier. Copyright © 2024.89 (c) PL spectroscopy for pristine MoS2 and MoS2/LDH
nanocomposite, (d) photocatalytic efficiency of various synthesised catalyst, followed by (e) effect of composite dosage on the photocatalytic
efficiencies, reproduced with permission from Royal Society of Chemistry. Copyright © 2020.56
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CN-10 composite material illustrated a strong synergistic
impact with a higher specic surface area of 23.60 m2 g−1

(Fig. 12e) than pure CN (17.60 m2 g−1), ZALDH (16.17 m2 g−1).
Radical experiments specied cOH as the dominant reactive
species. The heterojunction formed between LDH and CN,
interacted by surface hydroxyl groups and p-electron cloud
interactions, promoted efficient charge separation.84 Alterna-
tively, the semiconducting properties of MOFs with high
porosity are used to serve as effective photocatalysts for various
applications. In this context, A. Chakraborty et al. designed
ZnAl-LDH/MOF-5 nanocomposite which assisted the growth of
MOF-5 crystals on ZnAl-LDH layers, along with in situ nucle-
ation and depicted a superior anionic dye removal methyl
orange (MO) rate of 99.98% aer 40 min. The MOF particles can
be enabled to grow epitaxially on the surface of LDH with the
assistance of its surface unsaturated coordination sites
enhancing surface defects, red-shied light absorption, and
improving ROS production (cOH, O2c

−) generation under
sunlight. The ZnAl-LDH/MOF-5 hybrid enhances the produc-
tion of OH radicals, allowing dye molecules to break down into
CO2, H2O, and additional products due to LCCT (linker-to-
cluster charge transfer) processes.39

Alternatively, the derived ZnAl-LDH-based heterostructure
has a substantial effect on photocatalytic activity as photo-
catalytic systems due to signicant physicochemical properties.
For this, D. A. Islam et al. proposed a promising alternative
utilizing ZnAl-LDH precursors and used an innovative in situ
chemical decomposition (low-temperature pyrolysis) to create
4922 | RSC Adv., 2026, 16, 4898–4935
ZnO nanorods on graphene oxide (GO) nanosheets, which can
form high-performance ZnO/GO composites.61 At rst, ZnAl-
LDH/GO composite was synthesized through the LDH's in situ
growth on the GO nanosheets. Secondly, thermal decomposi-
tion of ZnAl-LDH/GO nanocomposite at 80 °C formed homo-
geneously dispersed size-controlled ZnO nanorods on GO
nanosheets. The narrow band gap energy in ZnO/GO nano-
composites showed outstanding photocatalytic activity for Cr(VI)
reduction and methylene blue degradation under visible light
exposure. The improved photocatalytic performance of ZnO/GO
composites was owing to the crucial role of GO in controlling
the directional growth of ZnO nanorods through the collective
electron–hole transfer effect for the potential wastewater
remediation (Fig. 13a). Similarly, J. Zheng et al. prepared Ag/
Ag3PO4/calcined ZnAl-LDH (MMO) (APMMO/PDS/vis) system
and evaluated the nitenpyram (NTP) degradation. The hetero-
junction formation between ZnAl-LDH (MMO) and Ag3PO4 may
intensify the photogenerated e−/h+ separation process and
inhibit the recombination efficiency, thereby increasing the
NTP photodegradation efficiency via peroxydisulfate (PDS)-
based photocatalytic activation methods. Under optimal
conditions, the APMMO1/PDS/vis system attains complete NTP
removal within 30 minutes. PDS produces SO4c

− and hydroxyl
radicals, with a higher oxidation potential that enhances cata-
lytic activity. The integration of MMO increases surface area for
active site exposure, thereby rening the photocatalytic perfor-
mance. Further PL, EIS, and photocurrent study (Fig. 13b–d)
also validate that Ag3PO4 MMO, and APMMO1 can activate PDS
© 2026 The Author(s). Published by the Royal Society of Chemistry
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for the photocatalytic degradation of NTP under visible light.63

Recently, F. Z. Janani et al., assessed the photocatalytic perfor-
mance of methyl orange (MO) degradation under UV irradiation
using Ag–ZnO–Al2O3 heterostructure derived from the calcina-
tion of Ag-doped ZnAl-LDH via a solid-state process. The Ag–
ZnO–Al2O3 photocatalyst maintained good recycling stability as
depicted in Fig. 13e with high MO photodegradation perfor-
mance of 90.7% which is due to the doping effect of Ag metal.
The presence of Ag metal functions as a photogenerated elec-
trons acceptor agent on the catalyst surface, and contributes to
the excellent photodegradation performance (Fig. 13f). These
showed that the addition of the Ag metal to the LDH matrix
increases the charge movement and prevents the recombina-
tion of photogenerated exciton pairs, resulting in a markedly
amended photocatalytic activity.85

Furthermore, Hu et al. suggest a distinctive in situ topolog-
ical vulcanization technique for maximizing the ZnAl-LDH-
derived suldes (ZnAlSx) for photocatalytic hydrogen produc-
tion. The as-synthesized ZnSx with abundant active sites
exhibits superior photocatalytic activity for hydrogen produc-
tion (11.89 mmol g−1 h−1) and tetracycline degradation
(91.94%) under light illumination. The DFT analysis as illus-
trated in Fig. 14, established that the optimized surface elec-
tronic properties and energy band structure of derived ZnAl-
LDH, improving carrier separation, which in turn increases
photooxidative and reductive capability. Further the higher
crystallinity and larger specic surface area of ZnSxwith copious
active sites supports the superior photocatalytic activity over
hydrogen production and degradation activity compared to the
pristine ZnAl-LDH and ZnAlSx.86
5.3. Intercalated ZnAl-LDH structures for photocatalytic
performances

Generally, layered intercalation materials (LIMs) are formed by
weakly bonded layers of 2D layered materials separated by van
der Waals (VDW) gaps. These gaps permit the chemical inter-
calation of foreign atoms, ions, or molecules without rupturing
the strong in-plane covalent bonds, resulting in unique chem-
ical and physical characteristics.87 The physico-chemical prop-
erties of LDHs can be signicantly altered by intercalation,
especially when used as photocatalysts. This process canmodify
their band gap, increase porosity and surface area, and improve
structural and chemical stability, leading to better charge
separation and migration, which alters the photocatalytic
reaction pathway. Replacing anions in the interlayer adjusts the
crystal structure of LDHs, enhancing catalytic performance.88

During redox processes, intercalated species can improve
selectivity, increase adsorption of target molecules, and intro-
duce redox-active groups, boosting durability and recyclability
of the photocatalyst. In 2024, Z. Hao and colleagues designed
ZnAl-LDH intercalated with various anions, including CO3

2−,
Cl−, NO3

−, and DS−, prepared via nucleation and recrystalliza-
tion, to investigate their photocatalytic CO2 reduction. Differ-
ences in interlayer spacing caused by different intercalated ions
inuenced their photocatalytic activity, despite similar crystal-
linity and shape. Among these, LDH-NO3

− with an interlayer
© 2026 The Author(s). Published by the Royal Society of Chemistry
spacing of 0.88 nm showed the highest photocatalytic CO2

reduction ability, with a CO generation rate of 3.80 mmol g−1 h−1

and outstanding selectivity (78.4–94.2%). LDH-NO3
− demon-

strated the highest rate of CO production, signicantly
surpassing the others. Physicochemical analyses revealed that
ZnAl-LDH samples have moderate UV absorbance (240–330 nm)
and band gaps from 3.01 to 3.18 eV, likely due to interlayer
anions acting as chromophores, inuencing photocatalytic
activity (Fig. 15a). These ndings highlight the signicance of
choosing appropriate interlayer anions for designing effective
LDH-based photocatalysts, as shown in Fig. 15b. The elemental
states in ZnAl-LDH samples result in better photocatalytic CO2

reduction, with LDH-NO3
− exhibiting higher performance. A

smooth electron transfer within the [MO6] units of the brucite-
like layers of ZnAl-LDH is suggested by the higher surface
oxygen vacancy percentage and the lower binding energy of Zn2+

in ZnAl-LDH-(NO3
−), facilitating charge transfer and stability.

XRD analysis conrmed LDH-NO3
− as the most effective and

durable catalyst, demonstrating its structural stability.89 To
augment visible light absorption by adjusting the band gap and
leveraging the synergistic properties of related materials, S.
Chen et al. developed MoS2-intercalated ZnAl-LDH hydrotalcite
through coprecipitation and hydrothermal methods. LDH
restricts MoS2 growth and favours the formation of the highly
conductive and active 1T phase of MoS2, which contains about
68.3% of the material due to connement within the LDH
layers. Excess electron doping from intercalated 1T-MoS2 can
induce structural phase transitions in the LDH host, funda-
mentally altering its properties. The MoS2/LDH composite
shows signicant promise for photocatalytic decomposition of
methylene blue, primarily due to heterostructure construction
between MoS2 and ZnAl-LDH. This composite exhibit increased
visible light absorption caused by MoS2 exfoliation and band
structure modications. PL analysis in Fig. 15c indicates
a stronger emission peak (∼656 nm), reecting more defect
sites than bulk MoS2, which enhances photocatalytic activity.
The methylene blue degradation rate was markedly improved in
the presence of MoS2/LDH composites, indicating that the
material is not a simple physical mixture, but involved chemical
interactions between MoS2 and LDH, and their integration
results in a synergistic enhancement of photocatalytic activity
(Fig. 15d). Also, the degradation efficiencies underwent an
upward increase with the increasing dosage of catalyst up to
40 mg (Fig. 15e) beyond which increasing the dosage increases
the light scattering which drastically affects the photocatalytic
efficiency.56
5.4. Interpretation of piezo potential mediated
photocatalytic pollutant degradation

Piezo catalytic materials, such as 1D (ZnO nanorods, BaTiO3

nanobers), and 2D nanostructures (MoS2 layers, BiOCl nano-
sheets, and Bi4Ti3O12 nanosheets), can deform under mechan-
ical force, generating piezo-polarized elds leading to increased
catalytic activity. Likewise, ZnAl-LDH also possess the unique
advantage of a tailored band structure via metal cation doping
for enhanced visible light absorption capability, adaptable
RSC Adv., 2026, 16, 4898–4935 | 4923
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Fig. 16 PFM amplitude–voltage butterfly loops of (a) ZA and (c) 2-CZA and the corresponding phase–voltage hysteresis loops of (b) ZA and (d) 2-
CZA, reproduced with permission from Elsevier. Copyright © 2023.90 (e) Piezoelectric induced photocatalytic mechanism in BaTiO3/ZnAl-LDH
composites, reproduced with permission from Elsevier. Copyright © 2024.91
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structure for transferring mechanical energy into electrical
stimulation, and exibility in ion-exchangeable capacity, which
enhances interlayer polarization for deformation, and maintain
stable phase and morphology under ultrasonication. Moreover,
ZnAl-LDH are made up of stacked positively-charged layers with
intercalated charge-compensating anions. When external strain
is applied, the layer thickness, i.e., odd-numbered layer,
develops a polarization potential due to the lattice displace-
ment, which causes excitons to accelerate in opposite direc-
tions, reducing charge recombination, for enhanced redox
reactions.38 Fascinated by the incredible properties of ZnAl-
LDH, Y. Lu et al. fabricated Co-doped ZnAl-LDH (CZA) piezo-
electric catalysts using a one-step hydrothermal method for
PMS-based AOPs aimed at degrading noroxacin. The CZA
composite shows a degradation efficiency of 91.50% in 15
minutes, with a rate constant of 0.1644 min−1. The higher
effectiveness of CZA in NOR degradation emphasizes the key
role of cobalt ions as the primary active sites, which are note-
worthy for their ability to accelerate carrier transport while
aiding the reconstruction of the catalytic active centre (Co2+).
Furthermore, the atomic and interfacial structure arrangement
Fig. 17 (a–c) PFM butterfly loops and hysteresis loops of ZnAl-LDHs. (d)
LDH. (f) Transient current response of ZnAl-LDHs under various externa
2022.38

© 2026 The Author(s). Published by the Royal Society of Chemistry
introduces defect levels caused by numerous localized states
created by cobalt doping, which benets the charge transfer
rate. The piezoelectric properties of the CZA catalyst surface
were explored using piezo-response force microscopy (PFM),
showing buttery-like amplitude loops as depicted in Fig. 16a–
d and the phase lag loop with 180° polarization under a reversal
voltage of ±80 V, which validates the substantial piezoelectric
properties of ZA and 2-CZA catalysts. As compared to ZA, the 2-
CZA showed greater distortion amplitude and phase lag loop
area, suggesting the superior piezoelectric properties of 2-CZA,
to generate substantial piezoelectric polarization for improved
carrier transfer efficacy.90 Owing to the remarkable structural
adaptability and piezoelectric qualities of ZnAl-LDH, Zheng
et al. developed BaTiO3/ZnAl-LDH hybrid with dual piezoelec-
tric properties. The composite materials synthesized through
self-assembly and hydrothermal methods, which revealed
excellent piezoelectric characteristics. Under ultrasonic vibra-
tion and sunlight, these composites showcased superior
piezoelectric photocatalytic capabilities, achieving 99% NTP
and 100% TC degradation within 45 min. The remarkable
activity of the BaTiO3/ZnAl-LDH composite is due to polarized
KPFM images and (e) the corresponding surface potential plot of ZnAl-
l irradiations, reproduced with permission from Elsevier. Copyright ©

RSC Adv., 2026, 16, 4898–4935 | 4925
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electric elds induced by ultrasonic vibration within the ZnAl-
LDH and BaTiO3 components, and retention of the inherent
electric eld intensity across the heterojunction interfaces
facilitates the movement of photoinduced carriers (Fig. 16e).
This, in turn, improves carrier separation efficiency and creates
a coupled catalytic response using dual piezoelectricity when
exposed to visible light. This research highlights the potential of
piezoelectric photocatalysis for effective pollutant removal,
suggesting its use in municipal wastewater treatment and
sterilization, as well as providing new insights for advancing
piezoelectric photocatalyst development.91

Ultrathin ZnAl-LDH, only a few atoms thick, shows unique
physicochemical properties with high mechanical strength and
exibility due to illumination of edge and surface-active sites. In
this particular concept, J. Hu et al. reported piezo-photocatalytic
behaviour of thickness-oriented ZnAl-LDHs synthesized by
a one-step hydrothermal method towards carbamazepine (CBZ)
degradation. The extremely thin ZnAl-LDH sheets (ZnAl-U) di-
splayed 95.8% piezo-photocatalytic efficiency with a reaction
rate constant of 0.148 min−1 for CBZ degradation, which is 1.61
and 3.02 times greater than thin ZnAl-LDH (ZnAl-T) and bulk
ZnAl-LDH (ZnAl-B), respectively. The more rapid distortion of
the thinner layer of ZnAl-U by mechanical stress generates
piezoelectric polarization, thereby offering an optimal force for
accelerating the separation of photo-generated charge pairs,
resulting in a larger piezo photocurrent intensity (Fig. 17a–c).
Furthermore, the energy band shiing induced by the piezo-
electric potential due to combined ultrasonic and light irradi-
ation segregates the photogenerated e− and h+ and promotes
ROS for increased photocatalytic redox activity, which is sup-
ported by EPR and transient current response. Additionally, to
further correlate the catalyst thickness and the piezoelectric
strength, Kelvin probe force microscopy (KPFM) measurements
of various catalyst thicknesses were evaluated. The highest
surface potentials under probing stress for ZnAl-U, ZnAl-T, and
ZnAl-B are 1.12, 0.96, and 0.88 mV, respectively (Fig. 17d),
revealing a decrease pattern with thickness. The on–off photo-
current in piezocatalytic, photocatalytic, and piezo-
photocatalytic processes are also varied with the thickness of
ZnAl-LDHs, following the trend as: ZnAl-U > ZnAl-T > ZnAl-B,
consistent with PFM and KPFM outcomes. Accordingly,
stronger piezoelectric potential is produced by thinner layers,
such as ZnAl-U, which improves charge separation. This is
because the thinnest ZnAl-U layers deformed more easily,
creating stronger piezoelectric potentials for enhanced charge
separation as evident in Fig. 17e and f. Interestingly, the current
intensity of piezo-photocatalytic exceeds that of piezo-catalytic
and photocatalytic process, conrming the improved photo-
generated charges separation by the piezoelectric eld.38

Later, Q. Nie et al. synthesized an ultrathin ZnO/Al2O3 (U-ZnO/
Al2O3) composite by calcining a ZnAl-LDH precursor. The
resulting ZnO/Al2O3 composite, shows a facile piezo-catalytic
reaction rate for methyl orange dye degradation due to its
ability to undergo easy bending deformation through mechan-
ical forces. The production of ultrathin ZnO nanosheets,
employing defect sites (OV), raised the surface charge density
near the valence band maximum and facilitated the build-up of
© 2026 The Author(s). Published by the Royal Society of Chemistry
a large concentration of charge carriers, leading to a greater
piezoelectric potential on lateral surfaces (1.42 V) for piezoca-
talytic processes. Additionally, localized electrons around defect
sites create a new intermediate band state that overlaps with the
valence band of ZnO (mainly O 2p), narrowing the band gap and
improving the charge mobility and conductivity. This
phenomenon allows more electrons to be excited and separated
by the generated piezoelectric potential, resulting in the
formation of radical species like hydroxyl radicals for effective
degradation. A comparative table of the ZnAl-LDH-mediated
systems for different photocatalytic applications has been pre-
sented in Table 3.92

6. Summary

In summary, we have effectively explored the design and prog-
ress of ZnAl-LDH-based high-performance materials as poten-
tial photocatalysts, for green energy production and
environmental applications, and piezo-polarized induced pho-
tocatalytic environmental applications. These comprised pho-
tocatalytic H2 evolution, CO2 reduction, and pollutant
degradation, along with piezo-polarized pollutant degradation.
Therefore, intending to offer the source of the photocatalytic
achievement for extremely efficient ZnAl-LDH-based high-
performance catalysts, this review precedes the recent
advancement in the strategic modication for enhancing the
photocatalytic performance of ZnAl-LDH, and the mechanistic
pathway for providing the origin of the augmented photo-
catalytic activities of modied ZnAl-LDH-based photocatalysts.
By manipulating the metal cation dopants, variation of the
intercalated anions, adaptability of the structure, and execution
of the heterostructure formation, ZnAl-LDH-based high-
performance catalysts with improved complementary benets
and elevated photocatalytic activities were designed and fabri-
cated. The design process of ZnAl-LDH-based high-performance
catalysts, including co-precipitation, hydrothermal, and calci-
nation methods, deliberately impacts their structural and
electronic properties. The modied ZnAl-LDH-based catalysts
were executed using the concepts of photocatalysis for effective
light absorption, charge separation, and migration over the
catalyst surface for the redox reaction of reactants to produce
the desired products. Furthermore, mechanistic understanding
discloses that the pairing of photocatalytic and piezoelectric
effects advances the separation of carrier charge pairs for
effective excitonic transfer triggered by the surface charge
alteration and carrier charge separation at the bulk and inter-
facial area.106,107

7. Challenges and future perspective

Aer going through the above literatures, even with these
noteworthy achievements, certain constraints still need to be
overcome to improve the catalytic efficiency of ZnAl-LDH-based
material in real-time implementation. The subsequent several
aspects must be taken into consideration:

(i) Optimization of charge transport dynamics and reaction
mechanism of ZnAl-LDH-based materials remains subtle, such
RSC Adv., 2026, 16, 4898–4935 | 4929
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as the inuence of the structural and electronic properties on
the photocatalytic activity and stability of the modied photo-
catalysts. Therefore, advanced theoretical modelling and in situ
characterization techniques should be implemented to under-
stand the carrier charge dynamics. For example, in situ Raman
spectroscopy studies could provide key information about the
presence of surface defect sites, together with their trans-
formational paths. Alternatively, in situ XRD could afford rele-
vant data on the dynamic modication of the structure of an
evolving photocatalyst under a change in reaction conditions.
In the meantime, DFT computational studies are crucial for
providing insights into the kinetics of chemically active centres
and reaction mechanisms in heterogeneous reactions, by
envisaging the reaction intermediates and transition states,
during the entire course of the reaction. They necessitate
distinct characterization and verication techniques. Also, the
hybrid structure formation with other 2D materials such as
graphene, MXenes, etc., could be further explored for improved
charge separation efficiency to attain maximum efficiency.

(ii) The long-term material stability under practical applica-
tions must be taken forward via material modication and
composite formation using an advanced design process.
Studies reveal that recyclable commercial catalysts in the pilot
scale for industrial applications are still lacking. Therefore,
scalable and low-cost synthesis processes should be developed
for ZnAl-LDH-based photocatalysts for industrial applications.
For example, ZnAl-LDH-in combination with magnetic material
could act as a highly efficient recyclable catalyst for practical
applications. Furthermore, xed-bed photoreactors should be
executed on a pilot scale for better efficiency measurement.

(iii) The combination of piezoelectric properties of the
material with photoactivity improves the carrier charge sepa-
ration process and extends the light absorption behaviour of
this material under mechanical stress. Though piezo-polarized
photocatalytic pollutant degradation has recently made
phenomenal progress using ZnAl-LDH-based material by
thickness adjustment, the technology is still in its initial stages.
Additionally, a better understanding of the fundamental factors
inuencing wide band gap tuning, and generation of induced
piezo by coupling ZnAl-LDH-based material with piezo active
materials is required to be explored for achieving high material
efficiency.

(iv) The intrinsic complexity of ZnAl-LDH nanostructures,
especially their layered architectures and interlayer interac-
tions, poses signicant challenges for precise morphological
control. Tailoring it into quantum dots, monolayers, or hierar-
chical nanostructures remains difficult due to their rigid
brucite-like layers and strong hydrogen bonding, which
complicate structural transformation and downscaling to lower
dimensions such as 0D quantum dots or 1D arrays. In this
context, advances in hydrothermal, solvothermal, and exfolia-
tion techniques are enabling the controlled synthesis of ZnAl-
LDH with diverse morphologies—from nanosheets to hierar-
chical superstructures. Such designs enhance surface area,
expose active sites, and reduce charge diffusion distances,
making it more suitable for water splitting and CO2 reduction.
4930 | RSC Adv., 2026, 16, 4898–4935
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